Drought dramatically impacts crop growth and productivity, causing losses estimated at \$2.9 billion annually ([@r1][@r2][@r3][@r4]--[@r5]). While the physiological responses of plants to drought have been extensively studied in model organisms under controlled laboratory or greenhouse conditions, results from these studies typically translate poorly to field-grown plants that are often distantly related to model organisms. The collection of molecular information gathered from crops grown under field conditions will likely contribute to a more complete understanding of the complex interactions between environmental factors and drought responses that crops encounter in the field during the growing season. Thus, a better mechanistic understanding of drought responses in the field is needed to develop effective drought-mitigation strategies.

Sorghum \[*Sorghum bicolor* (L.) Moench\], one of the 5 major cereal crops in use today worldwide, is an ideal organism for studying genomic responses to drought, due to its innate drought tolerance, small sequenced diploid genome, extensive germplasm, and C4-photosynthetic pathway ([@r6]). While drought-tolerant, the phenotypic impact of drought on sorghum can be impactful, depending on the developmental stage at which it occurs. Drought occurring before flowering (preflowering drought), when panicle development takes place, typically results in leaf rolling and uncharacteristic leaf erectness (to reduce heat load and transpiration), leaf bleaching, delayed flowering, and poor panicle exsertion and development ([@r7]). The most commonly used metrics to quantify a plant's tolerance to preflowering drought are related to floral development and are measured after the termination of drought. Preflowering drought-recovery mechanisms are thus of special interest to fully understand these processes ([@r7]). Postflowering drought, in contrast, causes premature leaf senescence and stalk lodging. Drought-tolerant cultivars of sorghum are typically characterized as tolerant to either preflowering or postflowering drought, with known cultivars demonstrating strong drought tolerance to only 1 of these 2 drought stresses ([@r7]). A subset of postflowering drought-tolerant genotypes have the capacity to maintain high levels of chlorophyll in severe postflowering drought stress and are thus known as stay-green genotypes ([@r7][@r8]--[@r9]). Of critical importance, BTx642 has the added feature of being a "functional stay-green" variety because it also continues to fill grain at levels comparable to nondroughted controls under severe postflowering drought, implying that the totality of photosynthesis continues to function under these severe postflowering drought conditions ([@r10]). Previous studies have identified numerous quantitative trait loci (QTLs) associated with this stay-green phenotype, and recombinant inbred lines containing those QTLs showed modified canopy development, root growth, and different rates of water usage and uptake ([@r10]). Understanding the exact molecular underpinnings of the stay-green varieties may serve as a robust resource for improving drought tolerance in other crop plants.

The full genome sequencing and resequencing of several *S. bicolor* cultivars ([@r11], [@r12]) have enabled a number of transcriptome surveys of drought responses in sorghum. However, these surveys have been restricted to greenhouse studies (i.e., not in field conditions) using early time points ([@r13][@r14][@r15][@r16][@r17]--[@r18]), and all but 1 of these have taken samples exclusively from leaves ([@r14][@r15][@r16][@r17]--[@r18]). Several studies profile responses to various abiotic stresses ([@r13][@r14][@r15][@r16][@r17]--[@r18]), including drought ([@r13][@r14]--[@r15], [@r18]), and biotic stimuli ([@r17]). Taken together, these studies confirm that drought elicits a broad, multifaceted response, notably featuring coordination between phytohormone signaling pathways, reduction of photosynthetic gene expression, and alteration in expression of genes involved in stress-induced leaf senescence ([@r19], [@r20]). While these studies provide insight into the broader processes involved in environmental stresses in sorghum, they are limited by the type of tissue assayed (primarily leaf), as well as the duration of treatment ($\sim$2 mo, which is before manifestation of postflowering stay-green phenotype).

Here, we provide a field-based, temporal transcriptomic study of sorghum. We profiled almost 400 transcriptomes sampled weekly from leaves and roots of 2 genotypes (the preflowering drought-tolerant RTx430 and the stay-green type BTx642), under control watering conditions and 2 different drought regimes. This transcriptomic study also follows the recovery from preflowering drought, by reintroducing water after anthesis, and the effects of postflowering drought, by removing water after anthesis.

Our weekly time series reveals that sorghum detects and adapts to preflowering and postflowering drought stresses within the 1-wk resolution of our study, ultimately influencing the gene expression of over 40% of the genome. This transcriptomic response includes genes involved in critical functions, such as biotic defense and abiotic stress responses, and photosynthesis. We demonstrate that the stay-green genotype, BTx642, maintains high levels of photosynthetic gene expression during postflowering drought, compared to RTx430. We highlight, as part of the drought-tolerance response, a potential role for reactive oxygen species (ROS) scavenging and glutathione *S*-transferase (GST) activity, which is associated with a previously identified stay-green QTL.

Finally, these data are part of a larger drought project, EPICON (Epigenetic Control of Drought Response in *S. bicolor*), funded by the US Department of Energy (DOE, Grant DESC0014081), designed to study the molecular responses of sorghum to agronomically relevant drought conditions. As part of this effort, the root and rhizosphere microbiomes were simultaneously sampled, and analysis of bacterial and fungal communities have been published ([@r21], [@r22]). Our mRNA-sequencing (mRNA-Seq) data combined with these microbial data result in an unprecedented fine-grain study of the drought effects on sorghum and associated microbial communities in the field. In particular, the results of ref. [@r22] demonstrated that arbuscular mycorrhizal (AM) fungi show remarkably strong succession with sorghum development. Our study of the transcriptome of the roots of these plants further shows that drought precipitates a coordinated reduction in the transcription of genes important to AM symbiosis, a drop that we show to be coincidental with a loss of total AM fungal biomass under drought. When drought is relieved, the preflowering drought-tolerant genotype, RTx430, is able to resume this critical symbiosis more quickly than the postflowering tolerant variety, BTx642.

This transcriptomic study of field-grown sorghum and, paired with soil, rhizosphere, and root microbiomes, represents an unparalleled resource for studying drought tolerance in agronomically relevant settings.

Results and Discussion {#s1}
======================

We conducted a large-scale field experiment exposing sorghum plants to 3 distinct watering schemes over a 17-wk period. The control condition consisted of irrigation once per week, 5 d before sampling, starting with week 3 and continuing throughout the experiment. Preflowering drought was imposed by providing no irrigation prior to flowering (weeks 3 to 8), then resuming watering in subsequent weeks (drought recovery; weeks 9 to 17). Postflowering drought was implemented by halting irrigation after the weekly watering applied before week 9 (flowering), resulting in postflowering drought exposure for samples in weeks 10 to 17 ([*SI Appendix*, *Methods and Materials*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental) and [Fig. 1](#fig01){ref-type="fig"}). Roots and leaves were sampled weekly, starting in week 2 and continuing through week 17. We conducted this experiment on 2 sorghum genotypes: RTx430, a genotype tolerant to preflowering drought and sensitive to postflowering drought; and BTx642, a stay-green genotype, tolerant to postflowering drought (having the ability to delay leaf senescence) and sensitive to preflowering drought ([@r23], [@r24]). Both of these varieties of sorghum are photoperiod-insensitive and do not exhibit drought escape ([*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)), defined as flowering earlier under drought. Further, in sorghum, drought tolerance is defined as demonstrating high yields under drought stress, which both of these varieties have been shown to do under their respective drought stresses ([@r7], [@r25][@r26]-- [@r27]). Cumulatively, these points ensure that the plants exhibit drought tolerance. At each weekly sampling, we took 3 independent, biological replicates, each consisting of 10 plants.

![Experimental design. (*A*) Schematic overview of the experimental design for control (CON), preflowering (PRE), and postflowering (POST) drought. Black dots represent whether plants were sampled for the specified treatment/week, and the color of the boxes reflects the irrigation status for the plants (light blue, watered; brown, preflowering drought; dark blue, watered, preflowering recovery; red, postflowering drought); no plots were irrigated prior to week 3 (white boxes). All samples marked as "watered" were irrigated 5 d prior to sample collection. Samples from week 3 of preflowering drought and week 10 of postflowering drought are considered the 1st samples of drought-exposed plants from the 2 drought regimes (i.e., the 1st samples experiencing different watering regimes from control; [Materials and Methods](#s9){ref-type="sec"}). (*B* and *C*) Photos of side-by-side comparisons of control (CON; left) and preflowering droughted (PRE; right) plants at week 7 for RTx430 (*B*) and BTx642 (*C*). (*D* and *E*) Field picture at week 12 after 3 wk of postflowering drought of RTx430 (*D*) and BTx642 (*E*), showing delayed senescence in this stay-green variety.](pnas.1907500116fig01){#fig01}

Paired-end RNA-Seq was performed on 198 root and 198 leaf samples (396 samples total) ([@r28]). Each sample was independently aligned, processed for quality control, and normalized ([*SI Appendix, Methods and Materials*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). To identify genes affected by drought, we first modeled the expression of each gene as a function across time and selected genes that exhibited a significant deviation in expression between control versus either drought treatment. We then clustered these genes based on their expression model, independently across tissues (root and leaf) and treatments (preflowering and postflowering drought stress) ([*SI Appendix, Methods and Materials*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Within each of the 60 clusters obtained, we assessed the biological functions of the component genes by performing gene-enrichment analysis to identify overrepresented networks from Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology terms ([*SI Appendix*, *Cluster Summaries*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)).

Overall, our analysis showed a massive transcriptional response to drought. From all comparisons performed, we identified a cumulative total of 10,727 genes (44% of expressed genes) significantly affected by drought stress under agriculturally relevant conditions, consistent with the scale of gene-expression changes observed in laboratory and greenhouse studies ([@r15], [@r18]) ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). In analyzing the time-dependent transcriptional response to drought, both treatments resulted in a large-scale response within 1 wk of drought exposure (week 3 for preflowering drought and week 10 for postflowering drought), with roughly 10% of all expressed genes showing a change in the 1st wk of drought exposure ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). These expression differences occurred several weeks before the plants exhibited physical signs of stress ([*SI Appendix*, Figs. S2 and S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)).

Plants recovering from preflowering drought also exhibited dramatic expression changes in both root and leaf samples. Of the genes affected during preflowering drought, 75% reverted to expression levels similar to that of well-watered control plants within 1 wk of watering resumption. However, a large subset of genes (2,424 genes) were still differentially expressed following the resumption of watering. This included a large number of genes from the DNA-replication pathway (in particular, homologs to MCM 2, 3, 4, 6, and 7) that were strongly down-regulated in leaf tissue in preflowering and postflowering drought and in the root under postflowering drought stress, but were overexpressed (relative to control) during preflowering drought recovery ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S7 and S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Taken together, these results highlight the global and temporally complex nature of drought and drought recovery in field-grown sorghum.

![Analysis of temporal transcriptional changes. (*A*) Bar plot of significantly differentially expressed (DE) genes with a log2-fold difference in expression of at least 2 between drought and watered conditions in preflowering drought (see [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental) for postflowering drought). The bar height corresponds to the number of genes found DE; each bar is broken down to indicate the number of genes falling in different categories of log-fold change via the color scale (key shown at bottom). (*B*) Heatmap of average log2-fold change per week between droughted and watered plants for WRKY transcription factors (TF) shows the specificity of preflowering (*Left*) and postflowering (*Right*) drought responses in roots (color scale key at bottom). (*C* and *D*) Log-fold change between droughted and watered plants (*y* axis) estimated per-gene as a smoothed function over time (*x* axis). The dark line corresponds to the average. *C* demonstrates overexpression during recovery in 9 genes in the DNA-replication pathway, while *D* shows the genotype difference in drought response in the 9 genes of the shikimate pathway and the overall stronger down-regulation in BTx642. (*E*--*G*) Illustrative examples of temporal patterns found via clustering of the genes (see [*SI Appendix*, *Cluster Summaries*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental) for all clusters). The scaled expression of the cluster average (*y* axis) is plotted against the week (*x* axis), for each of the droughted and watered conditions along with the 20 to 80 percentile bands. (*E*) Root expression remains constant under preflowering drought (PRE), while developmentally changing in the watered condition. (*F*) Preflowering drought and watered conditions show temporal changes. (*G*) Postflowering drought (POST) shows initial drop, while expression in watered plants remains constant.](pnas.1907500116fig02){#fig02}

Roots Show Greater Transcriptional Disruption than Leaves. {#s2}
----------------------------------------------------------

While both leaf and root samples showed a widespread response to drought, we observed that root samples exhibited both a larger number of differentially expressed genes, as well as a larger absolute change in expression of those genes, compared to leaf samples ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S4 and Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). This difference in expression between root and leaf tissue is rapidly apparent; in the 1st wk of drought exposure, twice as many genes were differentially expressed in roots than in leaves ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Under both drought treatments, the tolerant genotype (RTx430 for preflowering and BTx642 for postflowering) had fewer genes differentially expressed in the leaf after a week of drought exposure, while there was not a large difference in the number of transcriptional changes between the 2 genotypes in the root. These observations suggest that while the root is more substantially affected overall by drought (possibly due to its role in detection and absorption of water), genotype-specific adaptations to preflowering and postflowering drought stress may be primarily determined by attempts to maintain normal activity in leaves.

We observed more down-regulated than up-regulated transcripts in roots in response to drought ([Fig. 2*A*](#fig02){ref-type="fig"}). We found enrichment of several functional categories among these down-regulated genes---notably, a large number of plant defense pathways (e.g., response to fungi and pathogens) ([*SI Appendix*, Figs. S11--S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Among these pathways, we observed that expression of the majority of WRKY transcription factors (known to regulate, for example, pathogen-defense responses) was suppressed in leaf and root tissue ([@r29]) ([Fig. 2*B*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S5 and S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)), while jasmonic and salicylic acid-responsive genes were sharply down-regulated in expression in roots ([*SI Appendix*, Figs. S9 and S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). This observation further supports observed phenomena that responsiveness of plants to the biotic environment is affected by drought ([@r30]).

Preflowering Drought Causes More Complex Temporal Changes than Postflowering Drought. {#s3}
-------------------------------------------------------------------------------------

Most genes that we identified as responsive to postflowering drought exhibited an expression pattern of rapid change in the 1st wk of drought exposure, followed by little variation in expression in later weeks, relative to control-treated plants ([Fig. 2*G*](#fig02){ref-type="fig"}). This expression pattern differed from that seen for genes responsive to preflowering drought, which showed a variety of drought-specific temporal patterns. For example, some clusters in preflowering drought showed relatively constant gene expression under drought, in contrast to the well-watered samples ([Fig. 2*E*](#fig02){ref-type="fig"}), while genes in other clusters demonstrated expression patterns that varied in both drought and control ([Fig. 2*F*](#fig02){ref-type="fig"}). This may reflect greater developmental plasticity (and a more varied suite of drought-tolerance strategies) prior to flowering, or the comparative severity of responses to postflowering drought versus preflowering drought. Despite the large-scale differences in gene-expression patterns between the 2 drought conditions, we found many genes that responded in the same direction to both preflowering and postflowering drought (leaf: 41%; root: 30%). Of the genes that showed patterns that differed in the 2 drought conditions, the most common pattern was for the gene to show strong effects in 1 drought condition and only small or nonexisting effects in the other condition (root: 2,639 genes; leaf: 1,155 genes). For example, in the root samples, the WRKY transcription factors, highlighted earlier as largely suppressed under drought, were particularly sensitive to preflowering, but less so to postflowering, drought stress ([Fig. 2*B*](#fig02){ref-type="fig"}). A smaller subset of genes actually showed opposite regulatory patterns under the 2 conditions (51 in leaf and 235 in root; [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)).

Large Differences between Genotypes Found in Many Transcriptional Pathways. {#s4}
---------------------------------------------------------------------------

To better understand differences in drought-adaptation strategies, we compared expression patterns between genotypes. From this analysis, we identified 3,977 genes (16% of expressed genes) that were significantly affected by drought in a genotype-specific way ([*SI Appendix*, *Methods and Materials* and Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Approximately 25% of these genes were differentially expressed in only 1 genotype. Other genes had similar qualitative responses in both genotypes, but differed in the magnitude of that response (depending on the drought regime and sample condition, between 30 and 50% of the 3,977 genes were found to be differentially expressed; [*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Interestingly, a small subset of the genotype-dependent, drought-responsive genes were regulated in opposing directions between the 2 genotypes ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Lastly, the 2 genotypes exhibited strong differences in their expression during preflowering drought recovery, during which 50% of those 3,977 genes respond differently.

Among the annotated functions of genotype-specific, drought-responsive genes, we observed a high representation of genes within the shikimate pathway, which were strongly down-regulated during preflowering in drought-sensitive BTx642, but not in the tolerant RTx430 ([Fig. 2*D*](#fig02){ref-type="fig"}). Aromatic amino acids produced by this pathway are essential precursors for a wide range of secondary metabolites that are important for plant growth, including auxin and lignin. We also observed that 479 genes were not expressed in 1 of the 2 genotypes ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)), including homologs of the WAK kinase family proteins, CYP and GST homologs, heat shock proteins, and dehydration-responsive element-binding factors.

Data from our transcriptomic study are also a resource for exploration of the developmental differences in the genotypes under normal watering conditions, and our analysis demonstrated that these 2 genotypes show large constitutive transcriptomic changes, with 22% of all genes differentially expressed with at least a log-fold change of 2 between the 2 genotypes. Constitutive differences between the genotypes govern the potential of the plant to respond to drought and could potentially be important in understanding differential responses to drought.

Stay-Green Phenotype Is Associated with Differences in Photosynthesis and ROS Scavenging. {#s5}
-----------------------------------------------------------------------------------------

Preflowering and postflowering drought influences the expression of many genes involved in photosynthesis ([@r31]). We observed that photosynthetic genes (especially light-harvesting complex \[LHC\] genes) shared a similar preflowering drought response in leaf tissue in both genotypes: down-regulated or unchanged expression during the drought weeks, but sharply up-regulated expression during drought recovery ([*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). The preflowering drought-tolerant genotype, RTx430, showed a greater increase than BTx642 in photosynthetic gene expression during recovery, a pattern paralleled by total chlorophyll levels ([Fig. 3*D*](#fig03){ref-type="fig"}). The up-regulation of photosynthesis genes during recovery may represent a compensatory response to drought-induced developmental delay. More generally, the data suggest that RTx430 not only exhibits greater tolerance during preflowering drought, but also a more rapid recovery when watering was resumed.

![Stay-green phenotype, photosynthesis, and drought. (*A*) Two LHC PSII genes (LHCBs) (Sobic.003G209800 and Sobic.003G209900) show stronger down-regulation in RTx430 than BTx642 under postflowering drought stress. (*B*) Immunoblot analysis of representative subunits of photosynthetic complexes PSI (PsaA), PSII (D1 and CP47), and cytochrome *b*~6~f complex (Cyt b~6~) under control and 3 wk postflowering drought (week 11) with ATP synthase (AtpB) as a loading control (additional replicate is in [*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). (*C*) Proline levels determined on fresh weight (FW) leaf samples via a ninhydrin spectrophotometric assay for both drought conditions and genotypes. (*D*) Average value of 3 HPLC assays of total chlorophyll levels (*y* axis) plotted against week (*x* axis) showing constitutive differences between BTx642 and RTx430 after flowering and a sharp increase in chlorophyll levels under preflowering drought of RTx430; bars indicate ±SD intervals. (*E*) Bulk GST enzymatic activity in leaf extracts (*y* axis) at 3 timepoints (*x* axis). (*F*) Heatmap of centered log2 difference between the constitutive gene-expression values of RTx430 and BTx642 for the 68 expressed GST genes.](pnas.1907500116fig03){#fig03}

Under postflowering drought, we observed a significant down-regulation of homologs of photosystem II (PSII) *LHCB* genes, Sobic.003G209800 and Sobic.003G209900, with a stronger down-regulation in RTx430 than BTx642 ([Fig. 3*A*](#fig03){ref-type="fig"}). Similarly, at the protein level in RTx430, we observed reduced levels in 2 core PSII subunits, D1 (PsbA) and CP47 (PsbB), to 25 to 50% of the levels observed in the well-watered control ([Fig. 3*B*](#fig03){ref-type="fig"}). In contrast, D1 and CP47 protein levels were unchanged during postflowering drought in BTx642, relative to the well-watered control. Thus, BTx642 retains a greater capacity to participate in photochemistry at PSII in postflowering drought.

Limiting excess accumulation of ROS is a vital component of drought tolerance ([@r32]). Proline biosynthesis is a key regulator of ROS-dependent processes and osmoprotection. We observed constitutively higher mRNA expression of the rate-limiting enzyme of proline biosynthesis, *P5CS2* (Sobic.003G356000; [*SI Appendix*, Fig. S18](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)), in BTx642 compared to RTx430, consistent with the results of a greenhouse study of 45-d-old sorghum plants ([@r16]). We also observed similar increases in *P5CS2* mRNA expression under drought conditions for both genotypes. While our gene-expression results supported higher capacity for proline biosynthesis in BTx642, we observed lower levels of drought-induced proline accumulation in BTx642 relative to RTx430 ([Fig. 3*C*](#fig03){ref-type="fig"}), and we did not see a constitutive difference in proline abundance ([@r16]). This indicates a reduced demand for proline as an osmoprotectant and regulator of ROS in field-grown BTx642 in postflowering drought, despite an apparent higher capacity for proline biosynthesis.

GSTs are also key regulators of ROS in plant cells ([@r18], [@r33], [@r34]), and expression of GSTs is induced by drought ([@r18]). We observed both constitutive and drought-specific expression differences between the 2 genotypes in multiple individual *GST* genes, despite similar levels of total *GST* mRNA expression between the genotypes in both control and drought conditions. One such gene, *GST29* (Sobic.003G264400), was strongly up-regulated in both preflowering and postflowering drought in BTx642, but was not differentially expressed in RTx430 ([*SI Appendix*, Fig. S16](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). *GST29* is located near a known stay-green QTL (STG2) on chromosome 3 ([@r27]) and led us to speculate that the specific roles of individual GSTs in ROS scavenging may result in genotypic differences in drought tolerance. To further explore genotype-specific GST redox-scavenging activity, we measured total GST enzymatic activity in leaf extracts sampled during weeks 8, 9, and 11 (representing preflowering drought, recovery, and postflowering drought, respectively). We detected similar levels of bulk GST enzymatic activity in both genotypes under control conditions, but observed that both preflowering and postflowering drought led to significantly greater increases in GST activity in RTx430 compared to BTx642 ([Fig. 3*E*](#fig03){ref-type="fig"}). Taken together, the lower proline levels, lower bulk GST enzymatic activity, elevated LHCB gene expression, and elevated PSII protein levels in BTx642 relative to RTx430 during postflowering drought all point toward lower levels of perceived drought-induced ROS stress in BTx642 ([Fig. 3](#fig03){ref-type="fig"}).

In addition to constitutive up-regulation of *GST29*, we observed genotype-specific differences in 2 other pathways that might enable a higher capacity for the control of ROS levels in BTx642. First, a chloroplast-targeted ferredoxin *FD3* (Sobic.003G364400; [*SI Appendix*, Fig. S17](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)), located close to STG1, was constitutively up-regulated in BTx642, consistent with an increase in the efficiency of ROS scavenging in chloroplasts ([@r35]). Second, we found that BTx642 maintained constitutively higher mitochondrial alternative oxidase (AOX) capacity ([*SI Appendix*, Fig. S19](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)), a feature that prevents excess ROS accumulation in plant mitochondria ([@r36]) and that might be important for drought tolerance ([@r37]). From fresh field-sampled leaves, we found that AOX-mediated electron transport capacity was significantly higher in BTx642 leaf tissue relative to RTx430 ([*SI Appendix*, Fig. S19](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)) (false discovery rate-adjusted *P* value $< 0.05$), despite similar dark respiration rates. Thus, we hypothesized that BTx642's postflowering drought tolerance may be due to enhanced redox balancing in the chloroplast and mitochondria. Given the observed relative expression and protein abundance of core photosynthetic machinery, BTx642 is better at retaining the proteins necessary to sustain photochemistry under postflowering drought, likely contributing to its classification as a functional stay-green variety. This work provides an attractive dataset to identify candidate genes that improve productivity under drought in other agronomically relevant crops.

Symbiosis with AM Fungi Is Disrupted in Drought. {#s6}
------------------------------------------------

In addition to the abiotic stress responses detailed above, we investigated whether drought affects important biotic interactions, particularly the symbiosis between sorghum and AM fungi. Central to this relationship is the exchange of photosynthetic carbon for phosphorus and other mineral nutrients delivered by the AM fungi ([@r38][@r39]--[@r40]). AM fungi can also alter the plants' stomatal conductance ([@r38], [@r41]), all of which collectively enhance plant drought tolerance ([@r42]). Among the clusters of drought-responsive genes in our dataset, 2 root clusters were identified as highly enriched (with a 69 to 75% overlap) for genes previously identified as markers of AM fungus colonization of the plant ([@r43]) ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"} and [*SI Appendix*, Table S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)).

![Symbiosis of AM fungi and sorghum under drought. (*A* and *B*) Average scaled gene expression of genes in the cluster highly overlapping in AM-induced genes (*y* axis) plotted against week (*x* axis) for preflowering drought (PRE; *A*) and postflowering drought (POST; *B*). (*C* and *D*) AM fungal abundance estimates (*y* axis; [Materials and Methods](#s9){ref-type="sec"}) plotted against week (*x* axis) for preflowering drought (*C*) and postflowering drought (*D*) show the correlation of AM fungal abundance with the gene expression of the AM-induced genes. Gray dashed vertical line indicates the respective watering changes for the 2 drought regimes ([Fig. 1](#fig01){ref-type="fig"}).](pnas.1907500116fig04){#fig04}

Under normal watering conditions, these genes appeared to be developmentally regulated, with an initial drop in expression in week 3, followed by a gradual increase throughout the preflowering period until flowering, at which point the expression of these genes plateaued. Under both drought conditions, however, we saw only low expression levels of these AM-associated genes relative to control. In postflowering drought, we saw a drop to low expression levels in the 1st wk of drought exposure relative to control, while in preflowering drought, the effect of drought manifested as a failure to increase the expression of these AM-related genes, resulting in a large difference in expression after prolonged drought. These results suggest that drought diminishes the symbiotic relationship between host plant and AM fungi. Previous results have shown AM fungal biomass decreased by drought in a semiarid steppe ([@r44]). This prompted us to estimate the absolute abundance of AM fungi in the roots of our samples under drought by combining the published relative abundance of AM fungi via internal transcribed spacer (ITS) amplicon-sequencing data ([@r22]) with additional qPCR of total fungal ribosomal RNA ([*SI Appendix, Methods and Materials*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Our estimates showed a drop in AM fungal levels during preflowering and postflowering drought ([Fig. 4 *C* and *D*](#fig04){ref-type="fig"}) that corresponded to decreased mRNA expression observed in the AM symbiosis-induced genes. Taken together, these results strongly indicate that drought leads to a reduction of both AM fungal abundance and activity of this vital symbiotic interaction. The AM symbiosis-induced genes include genes related to transport of minerals and photosynthate, biotic defense, and root development ([@r43]). In particular, the exchange of photosynthetic carbon for phosphorus (Pi) and other mineral nutrients delivered by the AM fungi is central to AM symbiosis. Among the AM symbiosis-induced genes are genes potentially related to this exchange, such as 4 Pi transporter genes (Sobic.003G243400, Sobic.006G026800, Sobic.001G502000 and Sobic.006G026900), and 12 homologs to senescence-associated gene 12 (SAG12), which all demonstrate this pattern of reduced expression under both drought conditions. This decreased association between plants and AM fungi under drought suggests a complex dynamical interaction, possibly related to reduced availability of photosynthate, decreased demand for phosphorus, or AM fungal mass decreasing due to severe water deficit.

Moreover, these AM symbiosis-induced genes showed very different responses between the 2 genotypes to rewatering after preflowering drought. The preflowering drought-tolerant genotype, RTx430, resumed normal gene-expression levels immediately, while BTx642 exhibited a slower recovery over a period of several weeks. Our estimates of AM fungal abundance suggested a corresponding delay in the recovery of AM fungal symbiosis in the root of BTx642 following preflowering drought, but were not conclusive. The difference in gene-expression recovery for these genes represented the largest genotype-specific drought response for a single functional category of genes that we identified in our data and indicates that AM symbiosis may explain some of the differences seen between the 2 genotypes during preflowering drought recovery. AM fungal colonization is known to increase photosynthetic efficiency and chlorophyll levels ([@r45]), so the greater increase in photosynthetic activity seen in RTx430 during the recovery period may potentially be linked to faster reestablishment of AM fungal symbiosis. To our knowledge, the different resilience of AM fungi to drought stress has not been seen before. This genotypic difference in drought recovery further points toward a complex dynamical system between plants and AM fungi.

Immediate Up-Regulation of Stress Response under Drought, with Delayed Recovery after Rewatering. {#s7}
-------------------------------------------------------------------------------------------------

In addition to clusters associated with biotic stress responses and metabolism described above, 9 of the expression clusters had high representation for genes known to be involved in responses to abiotic stress ([Fig. 5*A*](#fig05){ref-type="fig"} and [*SI Appendix*, *Cluster Summaries*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Common putative functions for these genes included heat shock (e.g., HSF and chaperonins), response to abscisic acid (ABA), response to ROS/oxidative stress, and programmed cell death ([*SI Appendix*, *Cluster Summaries*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). Genes within these stress clusters exhibited dramatic responses to both preflowering and postflowering drought in both leaf and root tissue. Stress cluster genes either remained highly expressed or were sharply up-regulated in plants experiencing preflowering and postflowering drought, respectively, despite sharply declining or remaining low in normally watered plants. In both cases, changes in expression of these genes were apparent in the 1st wk of drought exposure. Similar to the AM cluster genes, many abiotic stress cluster genes also showed a delay in returning to expression levels seen in control plants during the preflowering drought-recovery period, though this delay was seen in both genotypes. Other stress-related genes, including 4 putative heat shock proteins ([Fig. 5*B*](#fig05){ref-type="fig"}), were down-regulated (compared to control plants) during recovery, despite being strongly up-regulated during preflowering drought weeks.

![Temporal expression of known stress signaling and response pathways. (*A* and *B*) The scaled expression of the cluster average (*y* axis) is plotted against the week (*x* axis) for 2 clusters in the root found to be enriched in stress responders under preflowering (PRE; *A*) and postflowering (POST; *B*) drought, showing strong up-regulation under both drought treatments and slow recovery after resumption of water in preflowering drought (*A*) (see [*SI Appendix*, *Cluster Summaries*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental) for all stress-enriched clusters) (*C*) Log-fold change (*y* axis) shown as a smooth function of time for 4 heat shock proteins (HSP) demonstrating strong up-regulation under drought, then down-regulation during recovery.](pnas.1907500116fig05){#fig05}

Apart from these stress cluster genes, we found many other genes belonging to known stress-response pathways (e.g., ABA signal transduction and oxidative stress) strongly down-regulated by preflowering and postflowering drought. Peroxidase family homologs, produced in response to oxidative stress ([@r46]), were predominant among these negative responders. This group also included genes sharing homology to *DREB1* transcription factors \[known to respond to low-temperature and drought stress ([@r47], [@r48])\] and *PYR6* (an ABA receptor). We also found that *HAI2* and *HAI3* homologs, which inhibit ABA signaling, and *CYP707A*s, involved in ABA catabolism, were strongly overexpressed. Up-regulation of these latter genes likely buffers ABA signaling to prevent an excessive response ([@r20], [@r49]). The mixed transcriptional response of known stress responders indicates that a robust drought response is already apparent in the 1st wk of drought exposure, resulting in complex feedback dynamics of abiotic stress-response pathways.

While our discussion has primarily focused on the genes that have homology to known biological functions, a large number of differentially expressed genes are completely uncharacterized. Of these, 3,923 are unannotated, while 1,870 have no homologs to *Arabidopsis* ([*SI Appendix*, Table S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental)). This is due to the relatively poor level of annotation of the sorghum genome: 42.9% of the transcriptome of sorghum is not annotated. These genes have exciting potential for trait-engineering efforts in sorghum, as well as other (more drought-prone) species. In addition, better characterization of their involvement in drought will ultimately improve our understanding of how drought tolerance is manifested in plants.

Conclusion {#s8}
==========

We have described a comprehensive transcriptomics study, assaying the molecular underpinnings of drought responses in field-grown sorghum plants. This work comprises roughly 400 samples of leaf and root tissues under well-watered conditions, preflowering and postflowering drought stress, and a preflowering drought-recovery period for 2 genotypes with different drought responses. Overall, our data demonstrate that sorghum rapidly detects and adapts to drought stress. This response involves massive changes in the transcriptome, impacting more than 40% of all expressed genes encompassing a wide variety of molecular mechanisms.

Weekly sampling of droughted sorghum plants revealed dynamic properties of many transcriptional pathways. We highlighted differences between genotypes with respect to how quickly they recover from preflowering drought after rewatering, in particular, genes involved in photosynthesis. We have also observed constitutive differences between genotypes that may impact how prepared the plant is to respond to preflowering and postflowering drought, an element reported among ecotypes of other plants ([@r50], [@r51]). Finally, we described important interorganismal interactions between sorghum and its associated fungi that appear to be impacted by drought, reducing AM fungal symbiosis.

The data generated in this study provide many impactful avenues for future research into the development of sorghum and other crops, as well as biotic and metabolic responses to drought. The value of these data are magnified when considering insights noted from the companion measurements of microbial community composition ([@r21], [@r22]). The scale and scope of these data provide an unprecedented resource to deeply explore the molecular mechanisms of drought tolerance and its interplay with the plants' biotic environment.

Materials and Methods {#s9}
=====================

Leaf and root samples of 2 sorghum genotypes exposed to preflowering and postflowering drought stress were collected from field-grown plants in Parlier, California. Field setup and sample collection, transcriptomic profiling, protein extraction and Western blotting, spectrophometric metabolite and enzyme assays, leaf respiration measurements, high-performance liquid chromatography analysis, and computational analysis were performed as described in [*SI Appendix*, *Methods and Materials*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental).

Data Access {#s10}
===========

The sequences and processed data files have been submitted to the NCBI Gene Expression Omnibus database (GEO; <http://www.ncbi.nlm.nih.gov/geo/>) under accession no. GSE128441. Additional data are available in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907500116/-/DCSupplemental) and at [https://www.stat.berkeley.edu/∼epicon/publications/rnaseq/](https://www.stat.berkeley.edu/~epicon/publications/rnaseq/).
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